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Ureteral obstruction in neonatal mice elicits segment-specific Congenital obstructive nephropathy, a leading cause
tubular cell responses leading to nephron loss. of chronic renal failure in infancy [1], is characterized
Background. To elucidate the sequence of renal responses by impaired renal growth and development and a reduc-leading to nephron loss in obstructive nephropathy, we exam-
tion in nephron number [2]. Prolonged obstruction leadsined the evolution of segmental nephron cellular changes con-
to tubular atrophy, interstitial inflammation, and fibrosis,sequent to chronic unilateral ureteral obstruction (UUO) in
the neonatal mouse. all of which are hallmarks of advanced obstructive ne-
Methods. Neonatal mice were subjected to UUO or sham- phropathy [3]. As a consequence of urinary tract obstruc-
operation, and kidneys were harvested 5, 12 or 19 days after tion, growth of the developing kidney is impaired to asurgery. Proximal tubules (PT), distal tubules (DT) and collect-
greater extent than is the case in the adult kidney; thising ducts (CD) were identified with lectins. Histomorphometric
impairment results both from reduced cellular prolifera-quantitation was made for cellular necrosis, apoptosis, prolifer-
ation, tubular dilatation, tubular basement membrane (TBM) tion and increased apoptosis [4]. A number of studies
thickening, interstitial collagen, and glomerular maturation. have demonstrated marked heterogeneity in the neph-
The distribution of hypoxic tissue was determined using pimon- ron’s response to acute or chronic kidney disease; pro-idazole as a marker. Additional studies were performed by
gressive atrophy occurs in some nephrons, while hyper-mechanically stretching monolayer cultures of mouse proximal
trophy is observed in others [5, 6].tubular and collecting duct cells, and measuring apoptosis.
Results. Neonatal UUO induced an arrest of glomerular mat- Chronic urinary tract obstruction induces an early and
uration throughout the period of study. Chronic UUO induced sustained vasoconstriction that results from activation
hypoxia, tubular necrosis, proliferation, and TBM thickening
of the renin-angiotensin system [7, 8], with renal reninin the PT, but stimulated apoptosis in the DT and CD. Tubular
expression that is several-fold greater in the obstructeddilation in the obstructed kidney was most severe in CD and
least severe in PT. Tubular cell apoptosis closely paralleled tubu- neonatal rat kidney than in the adult organ [9]. Inhibition
lar dilation (P 0.05), and fibrosis surrounding individual tubules of angiotensin II in the neonatal guinea pig with chronic
also correlated with tubular dilation (P  0.001). Mechanical unilateral ureteral obstruction (UUO) prevents the re-stretching of cultured mouse tubular cells induced apoptosis
duction in renal blood flow [10]. This vigorous activationdirectly proportional to the magnitude of axial strain: apoptosis
of the renin-angiotensin system also accounts for at leastwas consistently greater in CD than in PT cells (P  0.05).
Conclusions. Following UUO, the co-localization of hyp- 50% of the interstitial fibrosis characteristic of chronic
oxia with cellular proliferation, necrosis, and TBM thickening obstructive nephropathy: reduction in the number of
of the PT is consistent with ischemic injury resulting from
copies of functional angiotensinogen results in a 50%vasoconstriction. In contrast, a selective dilation of the distal
reduction in renal interstitial fibrosis following 28 daysportion of the nephron (DT and CD), which results from the
greater tubular compliance there, leads to stretch-induced epi- of UUO in the neonatal mouse [11]. Angiotensin II has
thelial cell apoptosis, along with a progressive peritubular fi- been shown to induce cellular apoptosis through its type
brosis. Nephron loss in the obstructed developing kidney likely 2 receptor [12], whereas type 1 receptor activation in-results from complex, segment-specific cellular responses.
duces cellular proliferation [13]. Predominance of the
angiotensin II type 2 receptor in early development con-
1 See Editorial by Woolf, p. 761. tributes, in the neonatal rat, to the tubular apoptosis that
follows UUO [14]. Although apoptosis appears to playKey words: development, cell proliferation, necrosis, fibrosis, vasocon-
striction, mechanical stress, apoptosis. an important role in the genesis of tubular atrophy
[15–17], neither the initial stimulus for apoptosis, nor theReceived for publication January 14, 2002
segmental tubular localization of apoptosis, have beenand in revised form August 23, 2002
Accepted for publication September 25, 2002 defined.
To elucidate these events, we investigated the relation- 2003 by the International Society of Nephrology
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ship of apoptosis, necrosis, and proliferation to hypoxia, neys were then dehydrated, embedded in paraffin and
serially sectioned (3 to 4 m) on a RM 2155 microtometubular dilation and tubular atrophy in discrete tubular
segments, at varying time intervals following UUO in (Leica). Successful ureteral ligation was confirmed at the
time of kidney removal by observation of a ureteralthe neonatal mouse. This species was utilized in view of
the value of mutant mouse strains to define mechanisms diameter of at least 4 mm above the ligation on a plane
even with the lower renal pole.of obstructive nephropathy. Since there is a predomi-
nance of the angiotensin II type 2 receptor (which in-
Immunohistochemistry and histologyduces apoptosis) in the fetal and newborn periods, we
hypothesized that newborn animals with the normal com- Kidney sections were deparaffinized in xylene and
rehydrated through graded ethanols. Proteinase K atplement (2 copies) of the angiotensinogen gene might
undergo more tubular apoptosis than mutant heterozy- 20 g/mL (Roche, Indianapolis, IN, USA) was applied
for 15 minutes, and endogenous peroxidase activity wasgous (single copy) animals following UUO early in life.
To test this prediction, mice expressing two copies of suppressed by quenching the slides in 3% H2O2 in metha-
nol for 5 minutes. The following staining and immunohis-the angiotensinogen gene (wild-type) were compared
with heterozygous animals that expressed only a single tochemical techniques were used:
Identification of specific tubular segments. Tubular seg-functional copy of angiotensinogen. To simulate the ef-
fects of tubular dilation, additional studies were per- ments were identified by use of the following markers
(all from Vector Laboratories, Burlingame, CA, USA):formed with cultured mouse tubular cells to determine
the effect of axial strain on apoptosis. proximal tubule (PT) with biotinylated Lotus tetragono-
lobus lectin 1:50 for 30 minutes; collecting duct (CD)
with biotinylated Dolichos biflorus agglutinin 1:750 for
METHODS
one hour; distal tubule (DT) and CD, biotinylated pea-
Animals with variable numbers of functional nut agglutinin 1:400 for 30 minutes [19–21]. Since peanut
angiotensinogen genes agglutinin stains both the DT and CD, those tubules
staining with Dolichos biflorus agglutinin alone wereMice with the angiotensinogen gene disrupted by con-
ventional gene targeting [18] were used. Intercrossing identified as CD, whereas tubules staining with both
Dolichos biflorus and peanut agglutinins were identifiedone-copy (angiotensinogen 1/0) mice yielded offspring
with one (heterozygous, 1/0) or two (wild-type, 1/1) an- as distal (thick ascending loop of Henle and distal convo-
luted tubules). Tamm-Horsfall protein staining was notgiotensinogen copies. Genomic DNA was extracted from
mouse tail biopsies (collected the day of the kidney re- used for segment identification, since we found it to be
unreliable (that is, there was non-specific staining) in themoval) using the DNeasy Tissue Kit (Qiagen Inc., Va-
lencia, CA, USA). Angiotensinogen copy number was obstructed kidney.
Identification of cellular apoptosis. Apoptotic cells weredetermined by polymerase chain reaction (PCR) as de-
scribed previously [11]. identified with the TUNEL technique, using the Apop-
Tag peroxidase in situ Apoptosis Detection Kit (In-
Surgical procedure tergen Company, Purchase, NY, USA). In summary:
after the digesting and quenching steps, equilibrationNewborn male and female mice were subjected to
complete left UUO (N  60) or sham-operation (N  buffer was applied directly to the sections for five min-
utes and working strength TdT enzyme (at a concentra-60) within the first 48 hours of life [11]. Under general
anesthesia with isoflurane and oxygen, the abdomen was tion of 1:5 in reaction buffer) was then applied for one
hour at 37C. Positive nuclei were visualized by applyingsurgically opened by a left lateral incision; the left ureter
was exposed and two 6-0 silk sutures were used to place peroxidase-conjugated anti-digoxigenin antibody for 30
minutes, followed by a 0.05% solution of 3,3-diamino-two ligatures, 2 mm apart (the ureter was not transected),
or were left untouched (sham). The incision was closed benzidine tetrahydrochloride for four minutes. For nega-
tive controls, TdT enzyme was omitted. Slides werein a single layer and coated with collodion. The animals
were allowed to recover from anesthesia and returned counterstained with methylene blue [22].
Identification of cellular necrosis. In contrast to apo-to their mothers. After 5, 12 or 19 days of obstruction,
animals were sacrificed with a lethal injection of pento- ptosis, which is associated with cell volume decrease,
necrosis is characterized by cell volume increase [23].barbital, and their kidneys were decapsulated, removed,
and weighed. For each of the four treatment groups Necrosis was assessed in tissue stained with hematoxy-
lin & eosin (H&E) and/or periodic acid-Schiff (PAS)(wild-type UUO, heterozygous UUO, wild-type sham,
and heterozygous sham), 10 mice were included in each solution. Tubular cells demonstrating diffuse cytoplas-
mic swelling, loss of the brush border or tubular base-of the three time points (5, 12, and 19 days). The kidneys
were fixed in 10% phosphate-buffered formalin (pH 7.1) ment membrane (TBM) integrity, karyorrhexis or kary-
olysis were considered to be undergoing necrosis. Givenfor 24 to 48 hours before transfer to 70% ethanol. Kid-
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the low incidence of necrotic cells in the DT or CD, the region extending from the capsule to the deepest
glomeruli, whereas the medullary region was defined asnecrosis was quantified only in the PT.
Identification of cellular proliferation. Proliferating cells that zone extending from below the deepest glomeruli
down to the renal pelvis. Results were expressed as thewere identified with a mouse anti-rat proliferating cell
nuclear antigen (PCNA; Novocastra, Newcastle upon number of apoptotic or proliferating cells per 100 tubules
(whole kidney) or, when examining specific differencesTyne, UK) diluted 1:100 in 1% bovine serum albumin
(BSA)/phosphate-buffered saline (PBS) and stained between cortex and medulla, per 50 cross-sectioned tu-
bules in the cortex versus 50 cross-sectioned tubules inovernight at 4C. Before applying the PCNA antibody,
specimens were pretreated with the Beat Blocker Kit the medulla. For quantitation of necrosis, the number
of cross-sectioned PT that exhibited features of necrosis(Zymed, San Francisco, CA, USA) to decrease non-
specific staining. The PCNA molecule has a half-life in per 100 total cross-sectioned PT was counted (magnifi-
cation 600). Results are expressed as a percentage ofexcess of 20 hours, and therefore can be detected at a
low level in non-cycling cells [24–27]. Only nuclei with cross-sectioned PT that showed necrosis.
Tubular luminal area. Cross-sectional tubular surfaceintense staining (that is, those covered with dark green to
black granules, or appearing uniformly brown or black) area of each segment was determined in the cortex and
medulla, at a magnification of 400, using the Mochawere counted as being positive.
Identification of basement membrane thickening. The computer program (Mocha Image analysis program 1.2;
Jandel Scientific, San Rafael, CA, USA). To determineTBM was identified by PAS staining. Sections were oxi-
dized in 0.5% periodic acid for 10 minutes, stained se- the relative proportional tubular dilation, the mean lumi-
nal area of each tubular segment of same-age, sham-quentially with Schiff’s reagent (20 min) and Gill’s No. 2
hematoxylin (2 min), with subsequent dedifferentiation, operated kidneys was subtracted from the luminal area
of each tubule measured in the obstructed kidney. Fiftyfirst in 1% HCl in 70% ethanol and then in 1% aqueous
ammonium hydroxide (5 seconds each). examples each of randomly taken, circular cross-sec-
tioned PT, DT and CD were assessed in the cortex, andIdentification of collagen. Following fixation in Bou-
in’s solution for one hour at 60C, sections were stained 50 in the medullary area. Data are expressed (in pixels)
as the mean tubular dilatation of cross-sectioned tubuleswith Gill’s No. 2 hematoxylin for two minutes, Biebrich
scarlet-acid fuchsin for 5 seconds, phosphotungstic acid/ in the cortex, medulla or in the whole kidney.
To correlate apoptosis and tubular dilation, 50 exam-phosphomolybdic acid for 5 minutes, and aniline blue
for 15 minutes. Sections were destained 30 seconds in ples each of PT, DT and CD were analyzed (tubular
dilation vs. number of apoptotic cells/cross-sectioned tu-1% acetic acid.
Identification of hypoxic tubule segments. Animals were bule) in the obstructed, intact opposite, and sham-oper-
ated kidney, in both the cortex and medulla. Results areinjected IP with pimonidazole hydrochloride (Hypoxy-
probe-1; Natural Pharmacia International, Inc., Bel- expressed as the mean number of apoptotic cells per 50
cross-sectioned tubules versus the mean tubular dilationmont, MA, USA) at a dosage level of 0.06 mg/g body
weight (BW), one hour prior to sacrifice; this nitroimid- of those specific tubules.
Tubular basement membrane thickening. Thickeningazole derivative, introduced into the living animal, forms
immunogenic protein adducts in hypoxic cells. Sections and folding of the TBM has been shown to be a reliable
indicator of tubular atrophy [28]. TBM thickening wasof formalin-fixed material were pretreated with an avi-
din-biotin blocking procedure to suppress false staining measured in 100 cross-sectioned tubules (50 tubules in
cortex, 50 tubules in medulla). Results are expressed asderived from endogenous biotin, and exposed for 40
minutes to 1:50 pimonidazole-adduct antibody followed the percentage of cross-sectioned tubules having thick-
ened TBM relative to the total number of cross-sectionedby 10 minutes in biotin-SP-conjugated fragment rabbit
anti-mouse IgG (Accurate Chemical & Scientific Corpo- tubular segments seen in the entire kidney section.
Interstitial fibrosis. For determination of interstitialration, Westbury, NY, USA). Sections were then incu-
bated 10 min in streptavidin peroxidase (Dako Corpora- fibrosis, in the form of blue-stained collagen [11] a grid
was used and the number of intersecting points wastion, Carpinteria, CA, USA) and developed in DAB for
six minutes. No counterstaining was employed. counted. Fifteen fields, each at 200 magnification, in
the cortex and in the medulla were analyzed for fibrosis.
Morphometry Results are expressed as the mean number of grid points
falling on collagen. The area of fibrosis surrounding indi-Apoptosis, necrosis and proliferation. After identi-
fying each tubular segment at a magnification of 400, vidual CD was determined also in randomly selected
medullar fields of 12-day obstructed kidneys.the number of apoptotic or proliferating cells per 100
randomly selected, circular (that is, cross-sectioned) PT, Glomerular maturation and apoptosis. Glomerular
maturation was assessed by use of an index maturationDT and CD was counted (50 cross-sectioned tubules
each in cortex and medulla). The cortex was defined as score [29]. All glomeruli in 10 fields (200 magnification)
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Table 1. Body weight, left kidney weight/body weight ratio (mg/g) and right kidney weight/body weight ratio (mg/g) in obstructed animals
and sham-operated animals with one or two angiotensinogen copies
WT UUO HT UUO WT sham HT sham
BW 5 days 3.770.20 4.050.17 4.030.19 3.870.14
BW 12 days 6.340.40a 6.710.36a 8.320.30 7.980.31
BW 19 days 10.960.43 10.140.32b 12.400.74 10.770.64
LKW/BW 5 days 6.550.21c 6.140.21 5.730.18 5.800.09
LKW/BW 12 days 4.530.40a 4.080.34a 6.670.12 6.630.11
LKW/BW 19 days 3.960.44a 2.560.29a 6.060.08 7.180.37
RKW/BW 5 days 6.290.10 6.380.28 5.960.27 5.940.15
RKW/BW 12 days 7.690.13a 8.100.14a 6.730.11 6.510.14
RKW/BW 19 days 10.000.38a 10.060.46a 6.030.13 7.360.48
Abbreviations are: BW, body weight; LKW, left kidney weight; RKW, right kidney weight; WT, wild-type; HT, heterozygous; UUO, unilateral ureteral obstruction;
sham, sham-operated animals.
aP  0.05 WT and HT UUO vs. WT and HT sham
bP  0.05 HT UUO vs. WT sham
cP  0.05 WT UUO vs. WT sham
in the cortex and 10 fields in the medulla were analyzed recommendations. Coverslips were mounted with Aqua
(an average of more than 100 glomeruli per kidney). Polymount (Polysciences, Inc., Warington, PA, USA).
Glomeruli with no capillary loops and having primitive Positively stained nuclei were counted at 200 magnifi-
cuboidal podocytes were scored as 1, intermediate glo- cation in at least 10 non-overlapping fields from triplicate
meruli as 2, and glomeruli with mature capillary loops wells to determine the mean number of apoptotic nuclei
and flattened podocytes as 3. Results are expressed as per field.
the mean glomerular maturation score for the whole
Statistical analysiskidney. Glomerular apoptosis was determined by count-
ing the number of apoptotic cells, as described above Data are presented as mean SE, and were evaluated
for glomerular maturation. Results are expressed as the for statistical significance with Sigmastat 2.0 (Jandel Sci-
number of apoptotic cells per glomerulus. entific, San Rafael, CA, USA). One-way analysis of vari-
ance (ANOVA), followed by the Dunn or Student-New-
In vitro mechanical stretch experiments
man-Keul tests, was used to compare tubular segments
Proximal tubule epithelial cells (PKSV-PR) and corti- at different time points and to compare treatment
cal collecting duct cells (mpk-CCD) were kindly pro- groups. The Student t test was used to compare apoptosis
vided by Dr. Alain Vandewalle (Paris, France) and were in cultured mouse PT and CD cells under control and
cultured as previously described [30, 31]. For experiments, experimental conditions. Correlation was performed us-
cells were grown to confluence on collagen type I coated ing linear regression. Statistical significance was defined
Bioflex plates (Flexcell International Corp, Hillsborough, as P  0.05.
NC, USA) for seven days. Static stretch was applied
to Bioflex plates with a FX-3000 Flexercell Strain Unit
(Flexcell International Corp), increasing the percent RESULTS
elongation (degree of stretch) from zero to 10 or 20% Characteristics of animals
at 0.22%/min during the first hour, then holding at 10
As shown in Table 1, after five days of obstruction,or 20% elongation for three hours. This was done to
there were no major differences in body weight betweensimulate rising hydrostatic pressure within the tubule as
the heterozygous animals and the wild-type (WT) ani-urinary tract obstruction develops, followed by sustained
mals within UUO or sham-operation groups. After 12pressure once obstruction is complete [32]. At the end
days of obstruction, the body weight of the mice sub-of the four-hour protocol, the percent elongation was
jected to UUO was lower than that of their counterpartsdecreased to zero over a ten-minute period before re-
in the sham-operated group; however, this differencemoving plates from the vacuum manifold. Control plates
disappeared after 19 days of obstruction. After 12 andwere not subjected to stretch. Cell monolayers were
19 days of obstruction, the left kidney weight/bodyrinsed twice with PBS, fixed with 3.7% paraformalde-
weight ratio (LKW/BW) of the animals subjected tohyde/PBS for five minutes at room temperature and per-
UUO was less than that of the sham group, while themeabilized with ethanol/acetic acid (2:1) for three min-
RKW/BW was greater than of the sham group (Table 1).utes at20C. Cloning rings (10 mm) were used to isolate
There was no significant effect of angiotensinogenareas on the flexible membrane for TUNEL staining
gene copy on any of the histologic parameters examinedwith ApopTag Red (Intergen Co., Purchase, NY, USA)
and staining was performed according to manufacturer’s for any of the time points studied. Therefore, the data
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cell proliferation than either the obstructed kidneys or
the intact opposite kidneys (P 0.05; Figs. 3A–C). There
was no difference in the number of PCNA-positive cells
in PT or CD located at the corticomedullary level, but
the cortically-located DT showed significantly more cell
proliferation than did the medullary DT (P  0.05;
Fig. 4A).
Tubular cellular apoptosis
In the obstructed kidney—compared to the intact op-
posite kidney and kidneys in sham-operated animals—
there was a significant increase in the number of apo-
ptotic cells at all time points in the study (Figs. 2B and
3 D–F). Apoptosis peaked in the CD after 12 days of
obstruction, and exceeded that in the DT and PT (Fig.
3D). Apoptosis was more prevalent in the cortical than
in the medullary DT (P 0.05; Fig. 4B). Apoptosis in the
contralateral kidneys and sham-operated kidneys also
predominated in the CD, followed by the DT, but was
over tenfold less than that measured in the obstructed
kidney (Fig. 3 E, F). Tubular apoptosis declined after a
week of age for all tubular segments in both intact oppo-
site and sham-operated kidneys (Fig. 3 E, F).
Tubular dilationFig. 1. Glomerular maturation (A ) and glomerular cell apoptosis (B )
after 5, 12 and 19 days following operation, in kidneys from obstructed Following UUO, tubular dilation predominated in the(), intact opposite ( ) or sham-operated () animals, per 20 fields
DT and CD, peaking in the CD after 12 days of obstruc-at a 200 magnification (*P  0.05).
tion (Figs. 2C, 4C and 5A) with luminal area exceeding
that in either contralateral or sham-operated kidneys
(Fig. 5 B, C). Compared to DT or CD, the PT were
for the wild-type and heterozygous animals were com- minimally dilated, and the luminal area of the PT in
bined for analysis. the obstructed kidney did not differ from that of the
contralateral or sham-operated kidney (Figs. 2C and 5Glomerular maturation and apoptosis
A–C). Medullary CD were more dilated than their corti-
Compared to the contralateral or sham-operated kid- cal counterparts after 12 days of obstruction, while dila-
neys, the glomerular maturation index was delayed by tion was greater in the cortical DT than in the medullary
UUO and had not progressed after 19 days of UUO (Fig. DT (P  0.05; Fig. 4C).
1A). The glomerular maturation score of the obstructed After 12 days of obstruction, when both tubular cell
kidney was significantly lower than that of either the apoptosis and tubular dilation were at their peak, there
intact opposite kidney or the sham-operated kidney (P was strong correlation between tubular apoptosis and
0.05). Although glomerular apoptosis appeared more dilation (r  0.9, P  0.05; Fig. 6A). There was not a
prevalent in the obstructed kidneys than in the intact significant relationship, however, between tubular dila-
opposite or sham-operated kidneys, this difference was tion and tubular cellular apoptosis after either 5 or 19
not statistically significant (Fig. 1B). days of obstruction.
Tubular cell proliferation Tubular cell apoptosis in response to stretch
Compared to the distal nephron (DT and CD), tubular Cultured mouse PT and CD cells underwent apoptosis
cell proliferation was greatest in the PT in the obstructed, in direct proportion to the severity of axial strain (P 
contralateral and sham-operated kidneys, in neonatal 0.05; Fig. 6B). Regardless of the magnitude of axial
mice studied 5 and 12 days after operation (Figs. 2A and strain, apoptosis in CD was greater than that in PT cells
3 A, B). This hyperplastic response was greatest at five (P  0.05; Fig. 6B).
days of age in the obstructed and sham-operated kidneys
Cellular necrosis(Fig. 3 A, C) and greatest at 12 days in the intact opposite
kidney (Fig. 3B). At 5 and 12 days after operation, the Proximal tubule cells showed prominent features of
cell necrosis, including the formation of giant vacuolessham-operated kidneys showed significantly less tubular
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Fig. 2. Histologic sections of neonatal mouse
kidneys following 12 days of unilateral ureteral
obstruction (UUO). (A to C ) Serial sections of
renal medulla with methylene blue counter-
staining. (A) PCNA staining, manifested as
black nuclei which identify proliferating cells.
Staining predominates in the non-dilated proxi-
mal tubules (arrows). (B) TUNEL technique,
showing apoptotic nuclei in dilated collecting
ducts (arrows) but not in proximal tubules. (C)
Dolichos biflorus lectin staining, which iden-
tifies collecting ducts. (D ) PAS staining. A
proximal tubule shows features of necrosis (cy-
toplasmic vacuolization, disruption of brush
border). (E and F ) are serial sections. (E) Distri-
bution of hypoxic tubules (examples indicated
by the asterisk), and (F) a similarly distributed
pattern of tubules that specifically stain with
lotus lectin, thus demonstrating that the hypoxic
staining is primarily restricted to the proximal
tubules. (G ) PAS staining. Proximal tubules
show abnormal thickening of the tubular base-
ment membrane (arrows) (A, B, C magnifica-
tion 400; D, 600; E and F, 135; F, 300).
and disruption of the brush border and/or basement ing UUO (Fig. 7A). After 12 days of UUO, the propor-
tion of PT with thickened TBM doubled (Figs. 2G andmembrane (Fig. 2D). The percentage of PT showing
evidence of necrosis remained stable throughout the pe- 7A). TBM thickening also increased in the DT following
12 days of UUO. In contrast, there was no UUO dura-riod of observation: 20  2%, 16  3% and 24  5%
after 5, 12 and 19 days of obstruction, respectively. There tion-related change in TBM thickening of the CD. There
was a significant difference between the number of PTwere no necrotic PT cells in intact opposite and sham-
operated kidneys (data not shown). Necrotic proximal with thickened TBM and compared with the DT or CD
after 12 days of obstruction as well as between the PTtubules were evenly distributed in the cortex and medulla
of the obstructed kidney (data not shown). and the CD at all measured time points (P  0.05; Fig.
7A). PT developed a uniformly thickened TBM (Fig.
Distribution of hypoxia 2G), whereas both DT and CD displayed a more lamel-
lated thickening of the TBM. Intact opposite kidneysThough a few scattered dilated tubules showed positi-
vity following Hypoxyprobe staining, the majority of and sham-operated kidneys showed more than tenfold
less TBM thickening at all the time points (P  0.05)stained profiles were non-dilated and compact (Fig. 2E),
and corresponded—in serial sections stained with lotus (Figs. 7 B, C). There was no difference in the occurrence
of TBM thickening between the cortex and the medullalectin—to proximal tubules (Fig. 2F). These hypoxic tu-
bules were largely absent from the deep medullary re- for any tubular segment (data not shown).
gions, being concentrated instead at the corticomedul-
Distribution of fibrosislary borders and throughout the cortex.
Interstitial fibrosis increased by 5 to 12 days of obstruc-
Thickening of the tubular basement membrane tion, and more than doubled after 19 days of obstruction
(Fig. 8A). No significant interstitial fibrosis occurred inAll tubular segments manifested tubular basement
membrane (TBM) thickening as early as five days follow- the contralateral or sham-operated kidneys (Fig. 8A).
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Fig. 3. Distribution of proliferating cells (left column) and apoptotic cells (right column) in proximal tubules (), distal tubules ( ) and collecting
ducts () after 5, 12 and 19 days of obstruction or following sham-operation, in the obstructed (A and D), intact opposite (B and E ) or sham-
operated kidneys (C and F ), per 100 cross-sectioned proximal tubules, distal tubules and collecting ducts. *P  0.05. Note in the right column
(for apoptotic cells) that the scale for obstructed kidney is tenfold greater than either intact opposite kidneys or kidneys from sham-operated
animals.
There was a significant correlation between the degree to urine flow in the developing kidney either impairs
of CD dilation and the area of interstitial fibrosis sur- nephrogenesis or leads to nephron loss [33–38]. This
rounding individual tubules in the medulla (r  0.53, study represents the first longitudinal investigation of the
P  0.001; Fig. 8B). renal cellular response to chronic UUO in the neonatal
mouse. Establishment of this model is important, in view
DISCUSSION of the potential utility of mutant mouse strains in under-
standing the pathogenesis of congenital obstructive ne-Human congenital obstructive nephropathy, and all
animal models studied to date, reveal that obstruction phropathy.
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Fig. 4. Cortical and medullary distribution of tubular cellular prolifer-
ation (A ), apoptosis (B ) and dilation (C ), after 12 days of obstruction,
for the proximal tubules, distal tubules and collecting ducts, per 50
cross-sectioned proximal tubules, distal tubules and collecting ducts in
the cortex () and medulla (; *P  0.05).
Fig. 5. Luminal area of proximal tubules, distal tubules and collecting
ducts after 5, 12 and 19 days of obstruction or sham-operation, inThe early increase in weight of the obstructed kidney
kidneys from obstructed (A), intact opposite (B ) or sham-operatedpresumably reflects interstitial inflammation and edema,
(C ) animals, per 100 cross-sectioned proximal tubules (), distal tu-
also observed following UUO in neonatal rats [39]. After bules ( ) and collecting ducts (; *P  0.05).
prolonged obstruction, ipsilateral kidney weight was de-
creased, reflecting delayed growth and maturation, re-
gardless of the genotype. In contrast, weight of the intact
was no “catch-up” in maturation, even after 19 days ofopposite kidney was progressively increased, consistent
obstruction. Although the contralateral kidney showedwith compensatory growth. These responses also are
a transient delay in glomerular maturation after 12 dayscharacteristic of UUO in the neonatal rat and fetal sheep
of obstruction, after 19 days there was no difference from[39, 40].
the sham-operated kidneys. We also reported impaired
Glomerular changes glomerular maturation following three days of ipsilateral
UUO in neonatal rats, a response that was unaffectedThe present study demonstrates that UUO in neonatal
mice induces an arrest in glomerular maturation: there by inhibition of angiotensin receptors [14]. Although
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Fig. 6. (A ) Relationship between tubular dilation and tubular cellular
apoptosis after 12 days of obstruction. Apoptosis and dilation were
measured in each of 250 cross-sectioned proximal tubules, distal tubules
and collecting ducts. Data are represented as mean  SEM, with a
line of linear regression (r  0.9, P  0.05). Abbreviations are: CD m,
medullary collecting ducts; CD c, cortical collecting ducts; DT m,
medullary distal tubules; DT c, cortical distal tubules; PT m, medullary
proximal tubules; PT c, cortical proximal tubules. (B ) Relationship
between axial strain and apoptosis of cultured mouse proximal tubular
cells (), and collecting duct cells (). Confluent monolayers of PT
and CD cells were either not stretched (0%, control) or were subjected
to 10 or 20% axial strain for 4 hours. After 4 hours cells were stained
to identify apoptotic nuclei using the TUNEL technique (*P  0.001).
not statistically significant, there was a small increase in
glomerular apoptosis in the obstructed kidney. Podocyte
apoptosis has been reported following UUO in the fetus
of the nonhuman primate [35]. Renal histologic examina- Fig. 7. Percentage of proximal tubules, distal tubules and collecting
ducts displaying tubular basement membrane thickening after 5, 12tion of human congenital obstructive nephropathy also
and 19 days of obstruction or sham-operation, in kidneys from ob-reveals significant glomerular changes and reduced structed (A ), intact opposite (B ) or sham-operated (C ) animals, per
nephron number [33]. 100 cross-sectioned proximal tubules (), distal tubules ( ), and col-
lecting ducts () (*P 0.05). Note that the scale for obstructed kidneys
(A) is tenfold greater than either intact opposite kidneys (B) or kidneysTubular distribution of apoptosis, necrosis
from sham-operated animals (C).
and proliferation
A major novel finding in this study was that each
tubular segment responded differently to UUO. Apopto-
tubular segment of the obstructed kidney showed strongsis was most consistently prevalent in the tubular seg-
correlation with the segment’s degree of dilation. Afterment adjacent to the obstructed pelvis (that is, the CD).
12 days of UUO, tubular dilation and apoptosis peakedConversely, cellular proliferation and necrosis predomi-
nated in the PT. The prevalence of apoptosis in each in both the DT and CD throughout the cortex and me-
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single PT or DT, Cortell et al found the compliance of
the two segments to be markedly different: the proximal
tubule’s pressure-diameter relationship was linear, where-
as the distal pressure-diameter relationship was curvilin-
ear [43]. An increase in distal (CD and DT) compliance
in our model would explain the greater distensibility
of those segments with a given increase in hydrostatic
pressure, with tubular cellular apoptosis resulting sec-
ondarily from stretch. In clinical obstructive nephropa-
thy, DT segments are also more dilated than PT segments
[44].
The PT has a limited ability to produce energy in a
hypoxic environment [45, 46]. This limitation may under-
lie the absence, in PT, of apoptosis, which is an energy-
requiring cellular process [47]. Since UUO induces sig-
nificant ischemia [48, 49], the preferential concentration
of necrosis and hypoxia in the PT suggests that the brunt
of ischemic injury falls on that particular nephron seg-
ment, which has been demonstrated to have the lowest
threshold for hypoxia in studies of ischemic acute renal
failure [5, 6, 50, 51].
In contrast to apoptosis, tubular cellular proliferation
was greatest in the PT and least in the CD. After 12
days of obstruction, there was a dramatic decrease in
the proliferation in the DT and CD of the obstructed
kidney. This segmental distribution parallels the distribu-
tion of PCNA-positive cells in the contralateral or sham-Fig. 8. Interstitial fibrosis after 5, 12, and 19 days of obstruction, or
following sham-operation, in the obstructed (), intact opposite ( ), operated kidneys, which is characteristic of early postna-
or sham-operated () kidney. (A ) Comparison of kidneys from ob- tal tubule maturation in the mouse [52]. Following UUO,structed, intact opposite, and sham-operated animals per 30 fields at
cellular proliferation in the PT of the intact oppositea 200 magnification. (B ) Relationship between collecting duct dila-
tion and fibrosis surrounding individual collecting ducts, with line of kidney was greater than that of sham-operated kidneys,
linear regression (r  0.534, P  0.001). a response characteristic of compensatory renal growth
in early development [53].
Differences in gene expression between the tubular
segments also may contribute to the heterogeneous re-dulla. The temporal relationship and the correlation be-
sponse to UUO; when subjected to UUO, Fas-deficienttween tubular apoptosis and dilation suggest a causative
mice show a selective reduction in apoptosis in the DT,association: the mechanical signal produced by UUO
but not the PT [54]. Thus, in addition to the lack ofmay be tubular stretching, which would result in an axial
tubular dilation and the limited metabolic response tostrain on the tubular cells. In support of this hypothesis,
hypoxia, the absence of Fas receptor presumably contrib-there was a strong positive linear relationship between
utes to the preponderance of necrosis over apoptosis inapoptosis and the magnitude of axial strain applied to
the PT.mouse tubular cells in vitro. Although baseline apoptosis
In the present study, there was no effect of the endoge-was greater for CD than PT cells, the relative increase
nous expression of angiotensinogen on the tubular apo-in apoptosis with increasing axial strain was similar for
ptotic response to UUO. Our previous study in the neo-both cell types (Fig. 6B). Stimulation of tubular cell apo-
natal rat showed that pharmacological inhibition of theptosis by axial strain has been reported by other investi-
angiotensin II type 2 (AT2) receptors, but not the AT1gators [41].
receptors, decreases the tubular cellular apoptosis fol-Differences in intraluminal hydrostatic pressure or tu-
lowing UUO [14]. In neonatal animals, in which AT2bular compliance could contribute to the differential seg-
receptors predominate over AT1 receptors, wild-typemental response. Lower intraluminal hydrostatic pres-
mice might have been expected to demonstrate moresure could explain the lack of dilatation of the PT, thence
apoptosis than those having only a single functioninga decrease in tubular apoptosis. However, even when
copy of the gene. Since UUO markedly stimulates theselectively obstructed, PT do not respond with significant
dilation [42]. In an in situ model of partially blocked renin-angiotensin system [7, 8], complete inhibition of
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